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The time slot scheduling problem for a satellite cluster with an arbitrary
number of satellite is considered, which is one of the most interesting problems
in the satellite communication scheduling area. This problem is known to be
NP-complete, and several heuristic algorithms have been proposed. In this
paper, a new efficient algorithm is suggested, which has lower computational
complexity and provides much better solution than other existing algorithms.

1. Introduction

A satellite switched time division multiple access
(8S/TDMA) system consists of a control unit to
supervise system operations, a multibeam antenna
to cover several geographically distributed zones,
and an on-board switch to provide connections
between the uplink and downlink beams according
to the TDMA frame. The TDMA frame is divided
into several smaller intervals called time slots, and
each time slot is transmitted according to a
configuration of the on-board switch corresponding
to it. The objective is to accomplish the transmission
of a given traffic load with maximum transponder
utilization. SS/TDMA systems with single satellite
were extensively studied under various optimization
criteria {2,3,5-9,11%

However, in many practical situations, an
SS/TDMA system has more than one satellite and
intersatellite links (ISL) connecting two satellites,
creating a satellite communication network.
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Intersatellite link has the additional advantage of
allowing several small and less expensive satellites
to join their coverage and capability so to have
the communication power of a2 much larger and
more expensive satellite [1]. Indeed, the
INTELSAT 6 series are the first commercial
satellites to employ SS/TDMA technique, and
NASA's advanced com- munication technology
satellite (ACTS) will use this technique,

In this case, it is necessary to solve the time slot
scheduling problem for a satellite cluster which has
to consider the ISL capacity constraints in addition
to the single satellite SS/TDMA scheduling con-
straints. This problem with an arbitrary number of
satellites is known to be NP-complete, which is
intrinsically intractable and can thus be optimally
solved only by algorithms that run in a time which
grows as an exponential function in the size of the
traffic matrix {1,10].

Several heuristic algorithms have been presented
to obtain a near optimal solution of the time slot
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scheduling problem. Bertossi ez 4. [1] presented
heuristic algorithms for a system with two satellites,
each covering similar number of disjoint ground
stations, and one ISL. Ganz e al [4} presented a
heuristic algorithm for a quite generalized system.
The algorithm is based on the algorithm for open
shop scheduling problem, and has o(»#%) com-
putational complexity, whete 7 is the number of
non-zero elements in the traffic matrix and M is
the number of geographical zones. Recently, for a
generalized model, Kim ¢7 #/. {107 suggested a new
efficient algorithm with O(»#% compurational com-
plexity, where each satellite has an arbitrary number
of transponders. However, the solution quality and
computational complexity of these algorithms are
not satisfactory.

In this paper, a simple algorithm to solve the
time slot scheduling problem for a satellite cluster
is suggested. The main idea in the algorithm is to
sott ordered uplink and downlink zone pairs by two
key factors, traffic density and transponder/ISL ca-
pacity, and to sequentially select zone pairs sat-
isfying transponder/ISL capacity constraints. Simula-
tion results show that the proposed algorithm gen-
erates much better solutions than other compared
algorithms. Furthermore, the computational com-
plexity of the proposed algorithm is O(+*), which
is smaller than the previous algorithms.

This paper is organized as follows. The problem
formulation and a theoretical lower bound on the
switching duration are given in section 2. Section
3 presents a heuristic algorithm. In section 4, ex-
tensive computational test results of the proposed
algorithm are reported and compared with other
existing algorithms. Section 5 concludes the paper.

2. Problem Formulation

This section presents definitions and the formal
formulation of the time slot scheduling problem for
a satellire cluster, which are similar to {4} and [10}.

A cluster consisting of § satellites, C={1,2,-,5},
and a set of M disjoint geographical zones, z={1,2,
- M} are considered. Satellite p in the cluster
covers M, geographical zones in Z, which is a sub-
set of Z Each zone is assumed to be covered by
only one satellite. Hence, Z,NZ,= @ for two diff-
erent satellites » and ¢,

The transponder/ISL capacity is characterized by
$xS§ matrix [ with entry [, representing the

number of intersatellite links from satellite p to
satellice ¢ if p#4. otherwise, the number of trans-
ponders in satellite p

The traffic demand is chatacterized by an amxu
matrix D with entry d ; representing the amount

of traffic from uplink beam (source zone) 7 to

downlink beam (destination zone) j, measured in

time slot units. And the following submatrix

notations are used in the rest of the paper.

IXp, p) : the traffic between zones visible by sat-

ellite p

{ M,x M, submattix of D)

IXp, g) ¢ the traffic between zones visible by sat-
ellite » and zones visible by satellite ¢
(M,x M, submatrix of D (p*q) )

DXp, - ) : the traffic originating from zones in Z,
(M,xM submatrix of D)
IX - ,q): the tmaffic arriving to zones in Z,

(MxM, submatrix of D)

Note that the transmission of the traffic in the
intersatellite submatrix IXp, g) requires both a
transponder and an ISL simultaneously, and 4
and d; should be equal to 0 if zones { and ; are
visible by satellite p and satellite ¢{p+¢), respec-
tively, and the two satellites are not interconnected
by ISL'.

The scheduling algorithm has to decompose the
given traffic matrix D into distince switching mat-

tices, D= gD,-, where n denotes the number of

switching configurations. Each matrix characterizes
a particular switching configuration and its corre-
sponding traffic load being switched without con-
flict. 'To obtain a conflict free scheduling, a switch-
ing matrix D; must be an Mx M matrix with at
most one positive entry in each line, at most [,

positive entries in each submatrix corresponding to
D(p, g0 where p+gq, and at most 7,(/,) positive
entries in each submatrix corresponding to Xp, - )
(D +,q), respectively. The largest entry in a
switching matrix D; dictates the switching duration
of D, denoted by D, The total duration needed
to schedule the complete traffic matrix D is given

by D= 215‘ A schedule for D is optimal if it

achieves maximum transponder urilization among

all the possible schedules for D. I has been shown
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that this is equivalent to minimize the schedule
length, D [2,51.

Bertossi e @, [1] considered a special case where
there are two satellites, each has M, transponders

and one ISL. Ganz e 4. {4} considered the case
where there are an arbitrary number of satellites
and each satellite p in the cluster has M, trans-
ponders and an arbitrary number of ISL's. Kim e
@l, {101 considered the case whete there are an
atbitrary number of satellites and each satellite 2
has 7,,(1<{,<M,) transponders and an arbitrary
number of ISL's. This paper considers the same case
as {101,

The following Theorem 1 gives the theoretical
lower bound on the minimal duration. The sum of
entries in the 7th row of the traffic matrix D and
the sum of entries in the jth column of D are
denoted by »; and ¢;, respectively. Let 7(p,¢)

denote the amount of traffic in the submatrix
(p, ¢, that is, the sum of all entries in D(p, g},
and let T(p, -) and 7(-,qg) denote the amount
of traffic in the submatrix IXp, ) and D( -, ¢q),
respectively.

Theorem 1. [10} Any schedule for D has length
not smaller than LB

MAax j<icp{?s}

MAX 1<z p{C;

MAX 1gp ges,ptql | 10D {1}
max 1spss{ [ T(p, - )/3991 }
max lﬁqu{ F T( ) 9Q)/qu-| }

LB= max

where [ x| is the smallest integer greater than or
equal 10 x. [ |

3. Time Slot Scheduling Algorichm

This section presents z simple algotithm for the
optimal time slot scheduling problem known to be
NP-complete {1}. The main idea in the algorithm
is to sort ordered uplink and downlink zone pairs
(i, 7)'s by two key factors, traffic density and trans-
ponder/ISL capacity, influencing the efficiency of
time slot scheduling, and to sequentially select pairs
satisfying transpondet/ISL capacity constraints.
The discussion of the proposed algorithm is start-
ed by defining a temporary matrix V= (v, vz, ") T
where v,= (0¥, 0%, v)). Here p? and ¢ represent
uplink and downlink zones of the kth zone pair,

respectively, and v} represents the amount of traffic
between the uplink zone ¢§ and the downlink
zone v¢, This matrix is simply generated by trans-
forming the traffic matrix D,

In order to obtain a good solution for the time
slot scheduling problem, the proposed algorithm
tries to preferentially assign time slots to zone pairs
which have more traffic amount and less trans-
ponder/ISL capacity. To take into account this re-
quirement, a function C(v,), representing the de-

gree of difficulty of assigning time slots to zone pait
(v%, 0D, is defined by :

: ! e
C(vk)=w-;+f +(1—w)(1——“’i;%@)

where d* and [* are the largest entries in the traf-
fic matrix D and the transponder/ISL capacity ta-
trix L, respectively, and w is a weighting factor
(0<w<]), and s(z) represents the satellice which
covers the zone z,

The proposed algorithm is described below in
detail.

Algorithm MDFES (Maximum Degree First Schedul-
ing)

Step 0. (Initialization) Let D and L be a given
Mx M traffic matrix and a given SxS§
transponder/ISL capacity (natrix, respectively.
Let % be the number of non-zero elements of
D. Using the traffic matrix D, make an
ordered matrix V=(p, vy, -+, vy such that

Set i=1,

w,)v;,ﬂ a.l'ld Ui > 0.
Step 1. (Obtaining a switching matrix D))

(1.0) Set #i=/, and #=1, for all pecC
where 1% and £ are the numbers of avail-
able transponders in satellite p for the
uplink and downlink communications,
respectively. Set z¢=0 and zf=0 for
all zone j=z, and set ¢,=0 for 1<k<%.
Set k=1, #n=0 and d=oo

If (% =0,2%=0), (fip >0, 502 0)
and (I 54,5 > 0),then go to Step (1.1.0)
Otherwise, go to Step (1.2).

(1.1)



22 Kun-Nyeong Chang

(L1.0) Set n=n+1,x,=v ex=1, %=
1 and z";z=1. i i<d then
d=v}.

(1.1.1) Set ¢ = t,n—1 and ¢ =
Fp—1, and set I o 4=
[ sy — 1 I s(op+s(vD. Go to

Step (1.2).

(1.2) If k<% then go to Step (1.1} with
replacing k+1 to &k Otherwise, set
n==x and form a switching matrix D,
using the matfix X=(x,-,25 " and 4,
and go to Step 2.

Step 2. (Making a new ordered matrix V)

(2.0) Set xi=x\—d for
from the matrix X, the element «x,
such that x'=0. Decrease 7 by the
number of extrac- ted elements.
Initialize the transponder/ISL capacity
matrix {I;}. Set k=1,n=1 and s=0.
(2.1) If e¢,=1, then go to Step (2.2) with s+1
replacing to s, otherwise, go to Step (2.
1.0
(2.1.0 If (n<%) and (x,> v,). then go
to Step (2.1. 1), otherwise, go to
Step (2.1.2).

(2.1.1) Set vy =z, n=n+1 and s=s-I
and go to Step (2.1.0).

(2.1.2) Set v,_,=v, and go to Step
(2.2).

(2.2) Set k=k+1. If k<k then go to Step
(2.1). If n<=%n, then set v, .=x,,

#+1 and s=s—1untl n>% Goto Step
3.

1<n<n. Extract,

n=

Step 3. (Termination) Set %= k—s. if %= then
terminate, otherwise, go to Step 1 with
replacing i+1 to i In the steps O and 2,
vi) vy (v, precedes »,) means one of the

following cases:
) C(vy)> Cluy),
b) Clon)=Cluy) and 7 <1,
Q) Clog) = Clow), I gm = mmm
v v,
d) Clex) = Clowd = g

and

vrh: vrfh aﬂd dv‘},u‘i)dy’ku",:’
€) Clvy) = C{zy), Lty = Lty
o= =4,

(M—1)*0% +v% < (M—1)*o% + 0%,

where 4, ,, represents the initial amount of traffic

between the uplink zone »% and the downlink
zone v%.

In Step 1, z¢=1(z/=1 if the uplink zone ;is
selected (downlink zone ; is selected) and
2*=0(29=0) other- wise. The parameter e¢,=1 if
the #th element v, of V is selected as an element
of a switching matrix and ¢,=0 otherwise. Uplink
and downlink zone paits selected for obtaining the
current switching matrix are included in the matrix
X. Step {1.1.1) updates the numbers of available
transponders and intersatellite links. Step 2 makes
a new ordered matrix V using the old ordered
matrix V and the matrix X,

The following theorem shows that the computa-
tional complexity of the algorithm MDFS is o)
where » is the number of non-zero entries in D,
which is smaller than the previous algorithms.

dand

L'v

’L’tk] = ?}sz, d -

Theorem 2. The worst case overall time
complexity of the algorithm MDFS is ({#*), where
7 is the number of non-zero entries in D,

Progf. (Xrlogr) time is needed to make the
ordered matrix V initially. O(#) iterations of steps
(1.1) and (2.1) are needed to obtain a swirching
matrix and to make a new ordered matrix V, In
the worst case, the number of switching marrices
generated and additional ordering processes are
O(#), since at least one non-zero entry is entirely
scheduled in each switching matrix. Thus the worst
case overall time complexity of MDES s

Kriogr+7++) = A [ |

4. Simulation Results

Test examples have $=2,3,4, M=6,8,12. For
each case we have applied our algorithms to 100
traffic matrices containing integers randomly gener-
ated from a uniform distribution between 0 and ,
#="5,10,20,50. This random generation format is
exactly the same as those in [4] and [10]
<Table 1> shows simulation results when each
satellite has M/S transponders and each ordered



Table 1. Computational Results for Regular Systems

Time Slot Scheduling Algorithm for S$/TDMA Network with Intersatellite Links

S M u LB HI SCS MDFS, MDFSs MDFSq

26 5 | 87 268365 26.21(1.36) 25.95(0.31) 25.8%(0.08) 25.89(0.08)
18.95° 19.16 19.34 19.42 19.40

2 6 10| 4979 51.5%(3.08) 50.13(0.61) 50.06(0.54) 49.84(0.10) 49.91(0.24)
25.08 25.00 25.50 25.33 2544

26 20| 10204  105.35(2.66) 102.83(0.56) 102.63(0.58) 102.07(0.03) 102.08(0.04)
29.81 30.09 30.38 30.17 30.20

2 6 50| 2509 256.11(5.20) 247.26(0.93) 246.940.75) 245.18(0.04) 245.19(0.04)
33.18 3335 33.61 33.46 33.53

2 8 5 | 4 44.91(0.75) 44.60.00) 44.620.00) 44.62(0.00) 44.62(0.00)
31.07 31.66 3473 3482 34.82

2 8 10| 891 86.66(0.66) 85.91(0.00) 85.910.00) $5.91(0.00) 85.91(0.00)

. 42,00 42.14 45.60 4581 4581

2008 20 | 17666 177.44(039) 176.66(0.00) 176.96(0.17) 176.66(0.00) 176.66(0.00)
51.22 51.55 54,30 54.44 54.44

208 50 | 43486  43854(0.73) 434.860.00) 435.01(0.03) 434.86(0.00) 434.86(0.00)
57.93 58.22 59.30 59.46 59.46

2 125 | 9560 96.02(0.35) 95.60(0.00) 95.60(0.00) 95.60.00) 95.60(0.00)
6331 63.80 66.29 6621 66.21

212 10| 18949  190.27(0.45) 189.490.00) 189.4%0.00) 189.4%0.00) 189.49(0.00)
8758 87.24 89.83 89.83 89.83

212 20 | 38004  38L.6KK0.49) 380.04(0.00) 380.04(0.00) 380.04(0.00) 380.04(0.00)
109.15 108.01 110.81 110.90 110.90

3012 5 | 4926 52.68(6.58) 51.45(4.94) 49.290.06) 49.27(0.22) 49 270.02)
4597 4674 4273 4296 4297

312 10 | 9545 103.44(8.98) 98.95(3.82) 95.78(0.35) 95.45(0.00) 95.45(0.00)
73.19 73.02 6791 67.21 67.20

3012 20 | 19070  207.54(8.71) 198.87(4.49) 191.46(0.40) 190.7200.01) 190.72(0.01)
99.82 99.30 93.61 93.28 93.39

4 12 5 | 4140 47.96(15.34) 42.08(1.69) 4253(0.31) 41.49(0.22) 41.58(0.43)
4250 39.26 34.44 36.73 36.87

4 12 10| 799 94,72(18.08) 81.17(1.43) 80.17(0.23) 80.18(0.24) 80.25(0.33)
68.99 65.44 53.36 58.11 58.32

4 12 20 | 16076 189.7%1799) 162.54(1.06) 160.84(0.05) 160.88(0.07) 161.41(0.40)
95.88 93,20 78.27 85.27 84.30

pair of satellites one ISL, and <Table 2> shows
results for more general systems with an arbitrary

: average lower bound

: average duration

: average surplus percentage frem lower bound(%)
: average number of switching configurations

23

number intersatellite links and transponders. In the
tables, HI and SCS represent the Heuristic ISL algo-
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Table 2. Computational Results for General Systems

S M u LB SCS MDFS, MDESy; MDES,

2 6 5 | 2649  2869°9.98) 26.750.94) 26.72(0.87) 26.75(0.98)
20.21° 18.74 18.74 18.89

2 6 10| S5L19 56.06(9.83) $1.72(1.04) 51.55(0.70) 51.50(0.61)
2593 24.26 24.0% 2440

26 20 | 10380 11318038 10586198  104050.24)  104.11(0.30)
30.62 29.76 29.06 29.39

3 12 5 | 6397 G6.68(4.14) 64.22(0.39) 64.18(0.33) 64.45(0.75)
55.82 51.33 5111 46.99

30012 10 | 12519 13082376  12545(0.21) 12549%024)  125.87(0.54)
83.84 7237 7272 67.66

30012 20| 25220 26125338  25265(0.18)  253.09035)  253.570.54)
107.39 90.83 92.35 9L15

5 12 5 | 4848 51.67(6.61) 48.72(0.50) 48.71(0.47) 48.75(0.56)
45.13 40.40 4238 42,78

4 12 10| 9512 101.31(6.20) 95.47(0.37) 95.34(0.23) 95.63(0.54)
7117 62.22 65.70 65.49

4 12 20 | 19018 20366(7.73)  190.63(0.24) 190480.16) 19127057
97.42 8475 88.54 95.90

. average lower bound

: average duration

rithm presented by Ganz ez 2l [4], and the satellite
cluster scheduling algorithm presented by Kim er 4/,
[10], respectively.

<Table 1> shows that the algorithm MDFS
needs much less durations than the algorithms HI
and SCS, and MDESys (MDES with w=0.5) mini-
mizes the average durations in all cases except last
two cases. The average number of switching config-
urations could be another important factor in the
SS/TDMA scheduling. In cases of three-satellite and
four-satellite systems, the proposed algorithm needs
much smaller number of switching configurations
than HI and SCS.

In <Table 2>, the marrices L’s for two, three
and four satellites are given as, tespectively,

2121
311

31 1311

(3 2) li%}l]a“d 2131

1113

<Table 2> also shows that the algorithm MDFS
needs much less durations than the algorithm SCS,

: average surplus percentage from lower bound(%)
: average number of switching configurations

and MDFS; 5 minimizes the average durations in six
cases. In addition, in all cases, the proposed algo-
rithm MDFS needs much smaller number of switch-
ing configurations than the algorithm SCS.

5. Conclusions

In this paper, a new efficient algorithm to solve the
time slot scheduling problem for a satellite cluscer
was suggested, which is one of the most interesting
problems in satellite communication scheduling ar-
ea. The proposed algorithm MDEFS has lower com-
putational complexity than other existing algo-
rithms and provides a solution very close to the op-
timal schedule.

This type of scheduling will be more important
and interesting problems in the future when the low
earth orbit satellite communication systems become
more commonly used. Thus applications of the pro-
posed algorithm would be an interesting future re-
search work.

o
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